Overlapping and Distinct Roles of PRR7 and PRR9 in the Arabidopsis Circadian Clock not shown). This is also true of the prr9-1mutant [9], indicating that both PRR9 and PRR7 function in the transmission of light signals to the circadian clock. prr9-1 displayed a period length of up to 35 hr under
constant white light conditions ( Figure 1E ). Despite this tude errors were similar to wild-type and the single mutants ( Figures 2C and 2D) ; however, under constant red strong period defect, the bioluminescence rhythms remained robust in the double mutant, as observed by the light, prr7-3 prr9-1 showed higher variability in period length and relative amplitude error (Figures 2A and 2B ). low relative amplitude error values ( Figure 1F ). These results indicate that PRR7 and PRR9 play a partially Similar results were observed under low fluences of constant red or blue light ( Figure S1 in the Supplemental redundant role in the Arabidopsis circadian clock.
The prr7-3 prr9-1 mutant also displayed a long period Data available with this article online). Thus, in prr7-3 prr9-1, the circadian clock is more compromised under phenotype under intermediate fluences of blue and red light (Figures 2A-2D) . Under blue light, the relative amplired than under blue light. This finding is in agreement with the observed light dependencies of the single musion in the dark and a slight increase in the amplitude of CCA1 and LHY expression in constant light conditions tants ( Figures 1B and 1C) .
In the wild-type, CCR2::LUC rhythms remained robust ( Figures 3A and 3C ). It has been reported that the prr7-1 and prr7-2 mutations display an earlier rise in the second in the dark for at least three days ( Figures 2E and 2F) . In contrast, in prr7-3 prr9-1, CCR2 expression dampened peak of CCA1 and LHY expression in etiolated seedlings after transfer to red light [13] . Taken together, these after 1 day in constant darkness, although a weak rhythm with a free-running period of about 3 hr longer results suggest that PRR7 plays an inhibitory role on the regulation of CCA1 and LHY expression levels. Although than in the wild-type could still be detected by FFT-NLLS analysis ( Figures 2E and 2F) . Rhythmic CCA1 expression the prr9-1 mutant showed no significant increase in CCA1 and LHY RNA levels ( Figures 3A and 3C) [20] ; therefore, it is difficult to understand unclear whether a small increase in CCA1 or LHY could lengthen the period under constant conditions. PRR7 a robust role of PRR9 in this condition. A similar situation has been observed for CCA1 and LHY. Although these and PRR9 RNA levels peak when CCA1 and LHY expression decreases, thus PRR7 and PRR9 might be directly genes are expressed at very low levels in constant dark conditions [21] , loss of function of both CCA1 and LHY involved in the inhibition of CCA1 and LHY expression. severely disrupts circadian rhythms in constant darkness [22] . ZEITLUPE (ZTL) and TOC1 also play a dual role In (A) and (C), prr7-3 and prr9-1 were analyzed in parallel with Col-WT and prr7-3 prr9-1, but for clarity the bioluminescence traces of prr7-3 CCR2::LUC and prr9-1 CCR2::LUC were omitted. PRR9 promoter (H). 5ϫ, 10ϫ, 50ϫ, 100ϫ , or 500ϫ M excess of unlabeled competitor DNA was added to each reaction as indicated. Protein/ DNA complexes were separated by nondenaturing gel electrophoresis and visualized using a phosphorimager. Specificity of binding is shown by the ability of fragments with wild-type CBS (G) or EE (H) sequences, but not fragments in which these sequences are altered, to compete for binding to GST-CCA1. These experiments have been repeated three times with similar results. ment corresponding to the Ϫ871/Ϫ816 region with both in animal circadian systems, it has been shown that members of the nuclear orphan receptor gene family in CBS mutated (CBSmt) failed to compete, indicating that CCA1 binding to this region was specific for the CBS. mammals [31, 32] , and basic leucine zipper transcription factors [33] in flies act as either positive or negative Similarly, GST-CCA1, but not GST alone, was able to bind to the Ϫ279/Ϫ169 region of PRR9 ( Figure 4H ). This elements in circadian interlocking feedback loops. The results presented here show that PRR7 and PRR9 binding was effectively competed by two different fragments of the PRR9 promoter containing the EE (Ϫ279/ play overlapping and distinct roles in the circadian clock, being not only involved in the light input pathway but Ϫ169 and Ϫ244/Ϫ113). Mutation of the EE (EEmt) abrogated the ability of the Ϫ279/Ϫ169 fragment to compete, also in the central oscillator. In addition, as is seen for TOC1, their expression is regulated by CCA1 and LHY, demonstrating that CCA1 bound specifically to the EE. This ability of CCA1 to specifically bind PRR7 and PRR9
indicating that PRR7 and PRR9 might form additional regulatory feedback loops. promoter elements, and the fact that CCA1 and LHY protein levels peak a few hours before PRR7 and PRR9
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RNA levels, suggest that CCA1 and LHY directly regulate PRR7 and PRR9 transcription. These transcription fac- 
